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Salting-out of methane in the aqueous solutions of urea and sarcosine
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Abstract. Hydrophobic association and solvation of methane molecules in aqueous solutions of urea and sar-
cosine (sa) have been studied using MD simulations. The potentials of mean force (PMFs) between methane
molecules in water, water-sa, water-urea and water-urea-sa mixtures show an enhancement of methane associ-
ation on the addition of these osmolytes. These observations are well supported by calculation of equilibrium
constants. Calculation of thermodynamic parameters shows that the association of methane is stabilized by
entropy and favored by enthalpy. The hydrophobic solvation of methane is stabilized by enthalpy and desta-
bilized by entropy. The calculated solvation free energies of methane in these mixtures show that methane is
less soluble in the mixtures of urea and sarcosine than in water. The solubility is the least in the water-urea-sa
mixture. Analysis of distributions of solvent and co-solvent around methane suggests that the local densities of
both urea and sarcosine are diminished around the methane in the mixtures of these osmolytes. The selective
reduction of both urea and sarcosine from methane surface suggests that both urea and sarcosine push methane
molecules towards water and increase the interaction between methane molecules i.e., salting-out of methane.

Keywords. Osmolytes; hydrophobic association; potentials of mean force (PMFs); preferential solvation;
running coordination numbers (RCNs); excess coordination numbers (ECNs); preferential binding constants;
solvation free energies; salting-out.

1. Introduction

Hydrophobic interactions are important in a variety
of aqueous systems.1 In proteins, it is thought that
hydrophobic associations among nonpolar moieties
contribute significantly to the stability of the folded
state.2–5 The stabilities of proteins and non-polar solutes
are affected by osmolytes. How protein structures and
stabilities are affected in the presence of osmolytes
including chemical denaturants and structure protec-
tants is one of the most important questions in protein
chemistry.6,7

Two naturally occurring osmolytes are urea and sar-
cosine or N-methylglycine. Urea drives the denatur-
ing of proteins because of preferential binding of urea
with its backbone and side chains.8,9 Sarcosine is one
of the most important protecting osmolytes. A lot of
work have been done on the counteraction effect of
sarcosine against the denaturing effect of urea.10–13 It
is experimentally reported that if urea and protect-
ing osmolytes are taken in 2:1 ratio then protecting
osmolytes counteract the effect of urea.13

One of the first theories of hydrophobic interaction
in aqueous solutions was given by Pratt and Chandler
in their classic work.14 Force-biased Monte-Carlo

∗For correspondence

simulations to understand hydrophobic association in
aqueous solutions was performed by Berne et al.,15

whose results were in good agreement with Pratt
and Chandler’s results. Methane-methane potentials of
mean force (PMFs) were then calculated in other works
using the Monte Carlo algorithm16,17 in infinitely dilute
systems with two methane molecules.

Dang et al.18 performed one of the first molecu-
lar dynamics simulations to calculate methane-methane
PMFs in water, in good agreement with previous
Monte-Carlo simulations. Recently, Pratt et al.,19 stud-
ied the effect of methane-water interactions on the PMF
of two methane molecules in water and found that
attractive solute-water interactions make a net repulsive
contribution to these potentials of mean force.

To consider the effect of aqueous urea on hydropho-
bic association, Bennion and Daggett20 carried out
molecular dynamics simulations of the protein chy-
motrypsin inhibitor in 8 M aqueous urea solution. They
found that urea molecules diminish the hydrophobic
effect by altering water structure and thereby enhancing
the solvation of hydrophobic groups. Since water struc-
ture is weakened by urea, water molecules become free
to compete with intra-protein interactions aiding solva-
tion of the unfolded state. Mountain and Thirumalai21

reported that direct interaction of urea with the site
charges was the most important mechanism for the
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unfolding of hydrocarbon chains in aqueous urea solu-
tions. With regard to stability of the folded structure
of proteins, Bolen and co-workers studied the role of
protein backbone solvation in the presence of structure
protectant osmolytes.22–25 They argued that, due to dif-
ferences in the hydration of backbone and osmolytes,
the backbone of protein is osmophobic and it hides
into the core of the folded protein. Molecular dynam-
ics simulation techniques have also been used to study
the role of trimethyl-N-oxide on the counteraction of
urea-induced protein denaturation.26

Oostenbrink and van Gunsteren27 studied the aggre-
gation of methane in water and the effect of urea on
hydrophobic clustering by simulation for thirteen sys-
tems of different sizes and compositions. Their simu-
lations showed that high urea concentration does not
reduce hydrophobic interactions, rather it enhances the
clustering of methane molecules only slightly.

Another MD simulation study28 investigated the
influence of urea on pair interaction of hydrophobic
moieties using different models of nonpolar neopentane
molecules, water, and urea. Further studies from Zangi
et al.,29 showed that aqueous urea solution can unfold a
hydrophobic polymer and this unfolding arises because
of weakening of hydrophobic interactions between the
polymer groups. The calculations of PMFs, however, do
not reveal the mechanism by which urea and sarcosine
influence hydrophobic interaction. These findings were
also confirmed by recent computer simulations.30,31

Shimizu et al.,32–34 have shown that the association of
hydrophobic methane molecules is stabilized while the
association of larger nonpolar solutes is destabilized by
urea. Also, the clustering of methane is enhanced on the
addition of urea into water because of favorable binding
of methane with water.35,36

Paul et al.,37 studied the association of methane in the
presence of osmolytes urea and TMAO and found that
that in binary aqueous urea solution, methane molecules
are expelled by urea molecules, while in binary aqueous
TMAO solution, methane prefers to interact more with
TMAO than water.

Very recently, Narendra Kumar et al.,38 studied the
structure and effect of sarcosine on water and urea
and found that sarcosine indirectly stabilizes protein
by enhancing water–water structure and counteracts the
effect of urea on hydrophobic association by directly
interacting with it.

Garde et al.,39 calculated entropic and enthalpic con-
tributions to the free energy of methane–methane asso-
ciation in aqueous systems with varying ion concentra-
tions and found that both the entropy and enthalpy at
the contact minimum change negligibly with increasing
pressure, whereas the solvent-separated configurations

are stabilized at higher pressures by enthalpic contribu-
tions that prevail over slightly unfavorable entropic con-
tributions. Pettitt et al.,40 calculated enthalpy-entropy
contributions to the free energy of methane association
and found that the stabilizing contribution to contact
pair formation comes from the entropic part, whereas
enthalpic contribution largely determines the stability
of the solvent separated configuration.

In the present work, we study the effect of osmolytes
sarcosine and urea on the hydrophobic association of
methane molecules in aqueous solutions and inves-
tigate the thermodynamics and preferential solvation
of methane by water, sarcosine and urea in aqueous
solutions of these osmolytes.

2. Computational Methods

2.1 Molecular Dynamics Protocol

All classical MD simulations were performed using the
GROMACS package (version 4.6.4)41 in four different
systems: water, water-urea, water-sarcosine and water-
urea-sarcosine. We have computed electrostatic interac-
tions using Particle Mesh Ewald method42 with a direct
space cutoff of 1.0 nm and a grid spacing of 0.12 nm.
For van der Waals interactions, 12-6 Lennard Jones
potential with a 1.0 nm cutoff has been used. Pressure
of the systems is 1 bar and is held constant by using the
Berendsen barostat.43 We have maintained the geome-
try of water, urea and sarcosine molecules during the
simulations by using the LINCS algorithm.44 The tem-
perature of the system is 298 K and it was kept constant
using the velocity rescaling thermostat.45

The united atom model has been used for methane.
SPCE model is used for water.46 We have used OPLS
force field for methane and urea.47–53 The force field
parameters of sarcosine are not defined in OPLS-AA

Figure 1. Structure of zwitterionic form of sarcosine with
labels.
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Table 1. Details of the simulation boxes containing
methane, water, urea and sarcosine.a

System Nm Nw Nua Nsa L (nm)

Iw 20 980 0 0 3.12
IIw−sa 20 905 0 75 3.32
IIIw−ua 20 830 150 0 3.30
IVw−ua−sa 20 755 150 75 3.49

aIw refers to water, IIw−sa refers to aqueous sarcosine, IIIw−ua
refer to aqueous urea and IVw−ua−sa refers to aqueous
sarcosine-urea mixtures. Nm, Nw, Nua, and Nsa refer to num-
bers of methane, water, urea and sarcosine molecules, respec-
tively, in each simulation box. L is the box length of the cubic
simulation box.

force field. We have described sarcosine by taking the
OPLS-AA force field parameters of similar groups such
as α-C of sarcosine using α-C of glycine. Since the
HF/6-31G** basis of Gaussian 09 software package54

is used for calculating OPLS charges,55,56 we have used
the same method for geometry optimization and the cal-
culation of partial charges on sarcosine. The Electro-
static Potential (ESP) method57 has been used to derive
the partial charges. The partial charges on sarcosine are
given in table S1. A snapshot of sarcosine with atom
labels is given in figure 1.

Packmole software is used to generate the initial con-
figuration of each system.58 Initially, MD simulations
were performed for 50 ns in NVT ensemble for ther-
mal equilibration of each system at 1 atm pressure and
at a temperature of 298 K. Subsequently, NPT simula-
tions for 100 ns were carried out for the equilibration of
the pressure of each system using the Berendsen baro-
stat. Finally, we have generated trajectories of 100 ns
for each system using NPT MD simulations by using
Parrinello-Rahman pressure coupling.59,60 In each mix-
ture, we have performed MD at three different tempera-
tures: 278 K, 298 K and 318 K. From these trajectories,
we have computed the potentials of mean force (PMFs)
between methane molecules with the help of methane-
methane pair correlation functions [g(r)]. Details of the
simulation boxes containing methane, water, urea and
sarcosine are given in table 1.

2.2 Potentials of Mean Force

Methane-methane PMFs have been calculated from

W(r) = −kBT ln g(r) (1)

Where kB is the Boltzmann constant in kJ mol−1, T

is the temperature in Kelvin and g(r) is the methane-
methane pair correlation function, calculated using a
bin width of 0.01 nm.

2.3 Thermodynamics

We have used a finite temperature difference method
to calculate the entropy contributions at each methane-
methane separation by the following formula.61

�S(r) = −W(r, T + �T ) − W(r, T − �T )

2�T
(2)

Here, �S(r) is the entropy contribution at a methane-
methane separation r, W(r, T) is the potential of mean
force between methane molecules at r , at temperature
T and �T is the temperature difference.

The enthalpy contribution to the potential of mean
force is obtained from

�H(r) = W(r) + T �S(r) (3)

2.4 Solvation Gibbs free energy of methane in water,
water-urea, water-sarcosine and water-urea-sarcosine
mixtures

Ben-Naim62 has used Widom’s potential distribution
theorem63 to define the solvation free energy of a solute.
The solute solvent binding interaction Bs is established
by inserting a test particle S at a random point in an N-
particle liquid configuration. It is the difference of the
N+1 and N particle potential energies, Bs = UN+1 -
UN. The standard Gibbs free energy change (�G*) is
calculated as follows.

�G∗ = −RT ln[〈V exp(−Bs/RT )〉NPT /〈V 〉NPT ]
(4)

Here, the ensemble average is taken over the solvent
configurations at constant pressure P and temperature
T . In eq. 7, V denotes the system volume and <V> NPT

its ensemble average at constant P and T .

2.5 Equilibrium constants

We have calculated the equilibrium constants for
methane molecules in water, water-sa, water-urea and
water-urea-sa solutions. The equilibrium constant is
defined as,

Keq = [SSM]
[CM] (5)

[CM] = 4π

r1∫
0

r2e−W(r)/kBT dr (6)

[SSM] = 4π

r2∫
r1

r2e−W(r)/kBT dr (7)

where Keq is the equilibrium constant, [SSM] is the area
(nm2) under the curve between r1 (for transition state 1,
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TS1 = 0.58 nm) and r2 (for TS2 = 0.89 nm), [CM] is
calculated as the area under the curve up to r1 (for TS1
= 0.58 nm), W(r), the PMF of methane molecules, kB

is the Boltzmann’s constant, T is the temperature of the
system and r1is the position of the first maximum and r2

is the position of second maximum in the corresponding
PMF curve.

2.6 Preferential Solvation

2.6a Running coordination numbers (RCNs) of water,
urea and sarcosine molecules around methane: The
running coordination numbers are defined as

nαβ = 4πρβ

r2∫
r1

r2gαβ(r)dr (8)

where nαβ represents the number of atoms of type β sur-
rounding type α in a shell extending from r1 to r2 and ρβ

is the number density of β type species in the system.
For the calculation of the first solvation shell coordina-
tion number, the value of r1 is zero and the value of r2

is the first minimum in the radial distribution function.

2.6b Preferential binding of methane with urea and
sarcosine: To investigate the preferential solvation of
methane in these systems, we calculate the excess
coordination numbers of water, urea and sarcosine
molecules around methane. The excess coordination
number is defined as64

Nαβ(rc) = 4πρα

rC∫
0

r2[gαβ(r) − 1]dr (9)

Here, 4πρα r2gαβ(r) is the average number of α

molecules around a β molecule in a spherical shell of
width dr at radius r and 4πρα r2dr is average number of
α molecules in that spherical shell. Therefore, Nαβ(rC)

represents the excess number of α molecules around a
β molecule measured up to r = rc.

The KB theory gives relations between integrals of
radial distribution functions and properties of solutions.
The Kirkwood-Buff integral between species i and j is
defined as64

Gij (r) = 4π

r∫
0

[
gij (r

′) − 1
]
r ′2dr ′ (10)

The relation between preferential binding parameter (v)
and KB integrals for methane in the mixture of solvent
and co-solvent is given by65

v = ρ3(G23 − G21)(11) (11)

where G23(when r in eq. 10 is ∞) is the KB inte-
gral between solute (indexed as 2, methane) and co-
solvent (3, urea or sarcosine), G21(when r in eq. 10 is
∞) is the KB integral between solute (2) and solvent (1,
water) and ρ3 is the number density of co-solvent (urea
or sarcosine) in the mixtures. The positive value of ν

indicates preferential binding of solute with co-solvent
while negative value favors solvent, i.e., water.

3. Results and Discussion

3.1 Potentials of Mean Force

The potentials of mean force (PMFs) between methane
molecules in water (black curve), water-sarcosine
(red curve), water-urea (blue curve) and water-urea-
sarcosine mixtures (magenta curve) are given in figure 2.

It is seen from figure 2 that there are three min-
ima in each curve. The first minimum represents a con-
tact minimum (CM) and subsequent minima correspond
to solvent separated minima (SSM). In the third mini-
mum, more than one solvent molecule may be inserted
between the methane molecules. The contact minimum
represents hydrophobic association and solvent sepa-
rated minima represent the hydrophobic solvation of
methane molecules in these mixtures. The differences
between PMFs obtained from two sets of 50 ns simu-
lations are less than 0.5 kJ mol−1(figure S1, given in
Supplementary Information).

The positions and free energies of contact minima,
first transition states (TSs) and first solvent separated
minima (second minima), first transition state barri-
ers with respect to CM and with respect to SSM in
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Figure 2. Potentials of mean force (PMFs) between
methane molecules in Iw (black curve), IIw−sa (red curve),
IIIw−ua (blue curve) and IVw−ua−sa mixtures (magenta curve).
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Figure 3. Potentials of mean force of methane molecules in Iw, IIw−sa, IIIw−ua and
IVw−ua−sa solutions. PMFs at three temperatures are shown. PMF at 278 K (black curve), at
298 K (red curve) and at 318 K (blue curve).

water, water-sa, water-urea and water-urea-sa mixtures
are given in table S2 (in Supplementary Information).

As we go from Iw to IIw−sa solution, the depth of con-
tact minimum changes from −2.3 to −2.9 (all energy
values in kJ mol−1) and the height of transition state
barrier with respect to contact minimum changes from
3.7 to 4.3. The depths of solvent separated minima
change from −0.4 to −0.2. From these differences, we
note that hydrophobic association of methane increases
and hydrophobic solvation marginally decreases on the
addition of sarcosine to water. A similar trend have been
observed in the water-glycine betaine solutions.66 As
we go from water to water-urea mixture, the depth of
CM changes from −2.3 to −3.2 kJ mol−1 and the height
of transition state barrier with respect to CM changes
from 3.7 to 4.5 kJ mol−1. The depth of SSM changes
from −0.4 to −0.3 kJ mol−1. The hydrophobic associa-
tion of methane molecules is enhanced on the addition
of urea into water and the effect on hydrophobic solva-
tion is marginal. As we add sarcosine (sa) into water-
urea, the depth of contact minimum increases from
−3.2 to −3.6 kJmol−1. The depth of SSM increases
from −0.30 to −0.40 kJ mol−1. The height of transition
state barrier with respect to contact minimum increases
from 4.5 to 4.9 kJ mol−1. The hydrophobic associa-
tion of methane molecules is enhanced on the addition
of sarcosine into water-urea mixture. The association

of methane molecules is enhanced in all the mixtures,
the effect on hydrophobic solvation is marginal when
one considers only the barrier heights for solvation. The
barrier heights for solvation (measured from the SSM
state) in all the cases are 1.7 ± 0.2 kJ mol−1.

Figure 3 shows the potentials of mean force
of methane molecules in water (Iw) (A), water-sa
(IIw−sa) (B), water-urea (IIIw−ua) (C) and water-urea-sa
(IVw−ua−sa) (D) solutions at three temperatures: 278 K,
298 K and 318 K. On increasing the temperature, depth
of CM increases, suggesting that methane association is
favoured by entropy in all these mixtures.

3.2 Equilibrium constants

We have computed the equilibrium constants for
methane molecules in water, water-sa, water-urea and
water-urea-sa solutions. The equilibrium constants for
methane molecules in these mixtures are given in
table 2.

It is seen from table 2 that the association of methane
increases as we go from water to water-sa, water to
water-urea and water to water-urea-sa. Both urea and
sarcosine tend to enhance the association of methane.
The association in the presence of both osmolytes
seems to be the cumulative effect of the individual
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Table 2. Equilibrium constants for methane molecules in
Iw, IIw−sa, IIIw−ua and IVw−ua−sa mixtures. [CM] is calculated
as the area (nm2) of Eq. (5) under the curve up to r1 (for TS1
= 0.58 nm). [SSM] is the area of Eq. (6) under the curve
between r1 (for TS1 = 0.58 nm) and r2 (for TS2 = 0.89 nm).

Equilibrium constants
Systems [CM] [SSM] ([SSM]/[CM])

Iw 0.67 2.01 2.88
IIw−sa 0.87 1.95 2.23
IIIw−ua 0.92 2.04 2.23
IVw−ua−sa 1.04 2.11 2.03

osmolytes. As we add sarcosine to water-urea mixture,
the equilibrium constant changes from 2.23 to 2.03.
The equilibrium constants, defined as [SSM]/[CM]
decrease as we go from only water to water-urea and to
water-sa. When both osmolytes are added, the decrease
in equilibrium constants is more than the decrease in
individual cases.

These observations are supported by the calcula-
tions of thermodynamic quantities (�G, -T�S and �H)
which are shown in the next section.

3.3 Entropy-Enthalpy Contributions to Free Energy

The finite temperature difference method has been
used to calculate the entropy contributions at each

methane-methane separation. The thermodynamic
quantities (�G, -T�S and �H) are calculated as a func-
tion of methane-methane distance by using equations 2
and 3. We have shown the thermodynamic quantities
(�G, -T�S and �H) for the hydrophobic association
and hydrophobic solvation of methane molecules as
a function of methane-methane distance for the four
mixtures in figure 4.

In A, B, C and D of figure 4 above, the black curve
represents the potential of mean force (�G) between
methane molecules, the red curve represents entropy
contribution (-T�S) to the PMFs and the blue curve
represents the enthalpy contribution to the PMFs.

In all the four mixtures, the association between
methane molecules is stabilized by entropy and the
hydrophobic solvation is destabilized by entropy. Local
minima in enthalpy also contribute favorably to both
association and solvation of methane.

Contributions at the contact minimum as well as at
the solvent separated minimum have been tabulated in
table 3.

We can notice from table 3 that on addition of urea
to water, the entropy of the system at the methane-
methane CM configuration decreases. This is most
likely because of a decrease in the orientational entropy
of water molecules in the system on addition of urea, as
the degrees of freedom of water molecules are reduced
because of water structuring around the urea molecules.
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Figure 4. Thermodynamic quantities (�G, −T�S and �H) for the hydrophobic associa-
tion of methane molecules in Iw (a), IIw−sa (b), IIIw−ua (c) and IVw−ua−sa (d) solutions.
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Table 3. Enthalpy-entropy contributions to the PMF at CM and SSM states of methane in water, water-sarcosine, water-
urea, and water-urea-sarcosine mixtures. ��H is the change in the enthalpy as we move from Iw→IIw−sa, or IIw−ua or
IIw−ua−sa at CM and SSM states of methane. ��S is the change in the entropy as we move from Iw→IIw−sa, or IIw−ua or
IIw−ua−sa at CM and SSM states of methane.

Contact Minimum state Solvent separated minimum state

System
�H ��H −T �S −T ��S �H ��H −T �S −T ��S

(kJ mol−1) (kJ mol−1) (kJ mol−1) (kJ mol−1) (kJ mol−1) (kJ mol−1) (kJ mol−1) (kJ mol−1)

Iw 3.8 0 −6.1 0 −0.9 0.0 0.6 0
IIw−sa 2.8 −1.0 −5.8 0.3 −1.4 −0.5 1.2 0.6
IIIw−ua 1.3 −2.5 −4.9 1.2 −1.4 −0.5 1.1 0.5
IVw−ua−sa 0.05 −3.8 −3.8 2.3 −1.0 −0.1 0.6 0.0

This is further enhanced on the addition of sarcosine.
However, when only sarcosine is added to Iw mixture,
the system entropy changes marginally. As we move
from water to water-sarcosine and water to water-urea
mixtures, enthalpy of the system decreases at the CM
state. As we go from water to water-urea-sarcosine,
there is a significant decrease in the enthalpy because of
cumulative effect of urea and sarcosine. At SSM state,
the changes in the entropy and the enthalpy are marginal
as we add urea and sarcosine into water.

3.4 Solvation Gibbs free energy of methane in water,
water-urea, water-sarcosine and water-urea-sarcosine
mixtures

We have given the solvation free energies of methane in
water (Iw), water-sarcosine (IIw−sa), water-urea (IIIw−ua)
and water-urea-sarcosine (IVw−ua−sa) at three tempera-
tures 278 K, 298 K and 318 K in table 4.

At room temperature, the solvation free energies
of methane are 9.2, 9.5, 9.7 and 10.0 (kJ mol−1)

in water, water-sarcosine, water-urea and water-urea-
sarcosine mixtures, respectively. These results suggest
that methane is less soluble in the mixtures of osmolytes
than in water. Solubility of methane in these mix-
tures favored by enthalpy and disfavored by entropy.
In the presence of osmolytes, hydrophobic association
of methane is enhanced which is supported by solva-
tion free energies. The transfer free energies of methane
from water to the mixtures of osmolytes with enthalpy

and entropy components are given in table S3 and
table S4 (given in Supplementary Information).

3.5 Solvation structures and preferential solvation of
methane molecules in the aqueous solutions of urea and
sarcosine

3.5a Radial distribution functions (RDFs or g(r) s):
We have shown the radial distribution functions of
methane with water, urea and sarcosine in water-sa
(A), water-urea (B) and water-urea-sa solutions (C) in
figure 5. The RDFs between CH4-Ow, CH4-Mesa, and
CH4-Cua are represented by black, red and blue curves,
respectively.

The RDFs of methane with each site of sarcosine
(sa) in water-sa mixture are given in figure S2 (in
Supplementary Information). It is observed that the
local densities of the methyl group of sarcosine around
methane is stronger in comparison to the local densi-
ties of other sites of sarcosine (figure S2). In water-
sa mixture (figure 5(a)), methane-sarcosine interaction
is stronger than methane-water interactions. We have
given the RDFs of methane with each site of urea in
water-urea mixture in figure S3 (figure S3, in Supple-
mentary Information). It is observed that the local den-
sity of carbon site of urea around methane is more
than that of other sites of urea. In water-urea mixture
(figure 5(b)), methane-water interaction is stronger than
methane-urea interactions. The interaction of methane
with water is enhanced in water-urea-sa mixture (figure
5(c)).

Table 4. The solvation free energies (in kJ mol−1) of methane in Iw, IIw−sa,
IIIw−ua and IVw−ua−sa at three temperatures 278 K, 298 K and 318 K.

�G

Mixtures 278K 298K 318K �H (298K) −T�S (298K)

Iw 8.2(±0.1) 9.2(±0.1) 9.9(±0.1) −2.8 12.6
IIw−sa 8.7(±0.1) 9.5(±0.1) 10.2(±0.1) −1.7 11.2
IIIw−ua 8.8(±0.1) 9.7(±0.1) 10.2(±0.1) −0.7 10.4
IVw−ua−sa 9.1(±0.2) 10.0(±0.1) 10.8(±0.1) −2.7 12.7



606 M K Dixit et al.

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.0

0.5

1.0

1.5

2.0

2.5

r/nm

g
(r

)

CH4-Ow
 CH4-Mesa

r/nm

g
(r

)

CH4-Ow
CH4-Cua

r/nm

g
(r

)
IVw-ua-sa

IIIw-uaIIw-sa

 CH4-Ow
CH4-Mesa
CH4-Cua

(a) (b)

(c)

Figure 5. Radial distribution functions of methane with water, urea and sarcosine
molecules in IIw−sa (a), IIIw−ua (b) and IVw−ua−sa solutions (c).

To study the hydration of methane, it is important
to study the effect of urea and sarcosine on water
structure. Therefore, we have shown (OW- OW) RDFs
(figure 6(a)) and (OW-Hw) RDFs (figure 6(b)) of water
with water molecules in water (black line), water-
sa (red line), water-urea (blue line) and water-urea-sa
(magenta line) solutions. The first peak of OW- OW

RDFs represents the hydrogen bonded first neighbor
and the second peak represents the tetrahedrally located

second neighbor. As we go from water to water-sa, the
first peak height of Ow-Ow RDFs increases from 2.9
to 3.4 which suggests that water-water interaction is
enhanced. The peak height is 3.4 in water-urea solu-
tion which suggests that urea also strengthens the water-
water interaction. The first peak height of Ow-Ow radial
distribution function is 4.0 in water-urea-sa mixture.
In the Ow-Ow rdf, the first valley becomes broader in
the presence of urea and sarcosine which shows the
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Figure 6. (OW- OW) RDFs (a) and (OW-Hw) RDFs (b) of water with water molecules in
water (black line), water-sarcosine (red line), water-urea (blue line) and water-urea-sarcosine
(magenta line) solutions.
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minor collapse of the second coordination shell of water
around water.67

In the case of OW-Hw RDFs (figure 6(b)), the peak
heights of first and second peak are enhanced in pres-
ence of urea and sarcosine. Therefore, the addition
of osmolytes alter the water-water coordination struc-
tures beyond the first coordination shell. The poten-
tials of mean force (PMFs) between water molecules
in water (black curve), water-sarcosine (red curve),
water-urea (blue curve) and water-urea-sarcosine mix-
tures (magenta curve) are given in figure S4 (in Supple-
mentary Information) which supports that water-water
interaction is enhanced.

The RDFs between the sites of co-solvents, and co-
solvents and solvents are shown in figure 7. The RDFs

between urea-urea in water-urea (solid black) and in
water-urea-sa (dotted black), urea-water in water-urea
(solid blue) and in water-urea-sa (dotted blue) are
shown in figure 7(a). The RDFs between sa-sa in water-
sa (solid purple) and in water-urea-sa (dotted purple),
sa-water in water-sa (solid green) and in water-urea-sa
(dotted green) have been shown in figure 7(b).

The first peak heights of radial distribution func-
tions of methane-methane, methane-water, methane-
sa, methane-urea, water-water, urea-urea, urea-water,
sarcosine-sarcosine and sarcosine-water in water,
water-sarcosine, water-urea and water-urea-sarcosine
mixtures are given in table 5.

On the addition of sarcosine to water-urea mix-
ture, urea-water interactions are enhanced (table 5).

Table 5. The heights of the first peaks of radial distribution functions of methane-methane, methane-water, methane-sa,
methane-urea, water-water, urea-urea, urea-water, sarcosine-sarcosine and sarcosine-water in Iw, IIw−sa, IIIw−ua and IVw−ua−sa
mixtures.

Heights of radial distribution functions

Systems CH4-CH4 CH4-OW CH4-Mesa CH4-Cua Ow-Ow Cua-Cua Cua-Ow Csa-Csa Csa-Ow

Iw 2.7 1.9 – – 2.9 – –
IIw−sa 3.3 2.0 2.1 – 3.4 – – 1.3 2.0
IIIw−ua 3.6 2.0 – 1.8 3.4 2.6 2.1
IVw−ua−sa 4.1 2.2 2.3 1.8 4.0 2.5 2.2 1.0 2.1
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Therefore, the availability of urea molecules to sol-
vate methane is reduced. As we add urea into water-
sa mixture, the interactions between sarcosine and
water molecules are enhanced (figure S5 of supplemen-
tary information). Hence, the preferential solvation of
methane by sarcosine is diminished.

The first peak height of methane-sa RDF is 2.3 and
methane-urea RDF is 1.8 (system IVw−ua−sa) which sug-
gests preferential solvation of methane by sarcosine
over urea.

The computed values of running coordination num-
bers of water, urea and sarcosine molecules in the first
coordination shell of methane are also supporting the
findings, described in section 3.5b.

3.5b Running Coordination numbers (RCNs) of
water, urea and sarcosine molecules around methane
molecules: We have given the running coordination
numbers of water, urea and sarcosine in the first coordi-
nation shells of methane in water, water-sa, water-urea
and water-urea-sa mixtures in table 6.

As we go from Iw to IIw−sa, the value of Nw/Nsa is 12.9
in the first coordination shell of methane and 12.0 in
the bulk which suggests that methane has a preference
for water molecules. In IIIw−ua, the value of Nw/Nua is
6.6 in the first coordination shell of methane and 5.5 in
the bulk which suggests that methane is preferentially
solvated by water molecules.

In water-urea-sa mixture, the Nw/Nsa ratio is 11.7 in
the first coordination shell of methane and 10 in the
bulk. The Nw/Nua ratio is 6.2 in the first coordination
shell of methane and 5.0 in the bulk. These results also
indicate that methane is preferentially solvated by water
over sarcosine and urea. The value of Nua/Nsa is 1.9 in
the first coordination shell of methane and 2.0 in the
bulk, indicating a marginal domination of sa over urea
in the coordination shell.

3.5c Preferential binding parameter (v) of methane
with urea and sarcosine: To investigate the preferen-
tial solvation of methane in these systems, we calcu-
late the excess coordination numbers of water, urea and
sarcosine molecules around methane.

The excess coordination numbers (ECNs) of water,
urea and sarcosine molecules around methane in water
(A), water-sa (B), water-urea (C) and water-urea-sa
(D) solutions are given in figure S6 (in Supplementary
Information).

We have also calculated preferential binding parame-
ters (v) for methane in water-sarcosine, water-urea and
water-sarcosine-urea solutions. The preferential bind-
ing constants of methane with sarcosine in water-sa
mixture and with urea in water-urea mixture are given
in table 7.

The values of preferential binding constants (v) sup-
port a preference for water in all the mixtures.The first
two rows of table 7 refer to binary mixtures (water-sa
and water-urea) containing methane while rows 3 and
4 refer to the ternary mixture (water-urea-sa). In row
3 of table 7, v is calculated by taking species 3 to be
sarcosine in eq. 11. In row 4, species 3 is urea. We
see that whenever there is a presence of urea the val-
ues of v are more negative than in the solutions wherein
there is only sarcosine or when the solution contains
both sarcosine and urea. The larger values of preferen-
tial binding parameters may be due to the strong struc-
ture breaking property of urea in water, which enhances
the interaction of methane with water.

The negative values of preferential binding constants
support that both urea and sarcosine push methane
towards water. Therefore, aggregation of methane
molecules is enhanced and there are salting-out of
methane in the mixtures of urea and sarcosine.

The local correlations between solution components
and salting-out thermodynamics can be adequately
explained by calculating the quantity G21(r) − G23(r)

Table 6. Running coordination numbers in the first coordination shells of methane
in the presence of osmolytes. Nw, Nsa and Nua represent the number of water, sarcosine
and urea molecules, respectively. The values in the brackets are the ratios in the bulk
(bulk here, means the total system including the solvation shells). The cut-off for the
first coordination shell of methane is 0.66 nm for all the mixtures.

Running coordination numbers in the first coordination shell of methane

Systems Nw Nsa Nua Nw/Nua Nw/Nsa Nua/Nsa

Iw 36.0
IIw−sa 28.3 2.2 12.9

(12.0)
IIIw−ua 26.4 4.0 6.6

(5.5)
IVw−ua−sa 21.2 1.8 3.4 6.2 11.7 1.9

(5.0) (10) (2.0)
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Table 7. The preferential binding constants (v) of methane
with sarcosine in IIw−sa and with urea in IIIw−ua.

Systems Preferential binding constants (v)

IIw−sa −0.06
IIIw−ua −0.87
IVw−ua−sa −0.26 (with sarcosine)

−0.91 (with urea)

obtained using eq. 10 based on Kirkwood-Buff theory
(also known as fluctuation theory of solutions). The the-
ory relates integral over molecular distribution func-
tions to particle number fluctuations. These quantities
are given in figure 8.

For all the systems, we observe that (G21(r)–G23(r)) >
0 (oscillating due to structural fluctuations) which sug-
gests the preferential solvation of methane by water and
salting-out of methane. In water-urea-sarcosine mix-
ture, the values of (G21(r)–G23(r)) are more positive
compared to the other mixtures. Therefore, both urea
and sarcosine push methane molecules into water and
maximum salting-out of methane has been observed in
IVw−ua−sa.

3.6 Diffusional behavior of water molecules in the
systems, Iw, IIw−sa, IIw−ua and IVw−ua−sa

The diffusion coefficients (D) are calculated from the
mean square displacements, using the Einstein’s rela-
tion,

D = limt→∞
〈|ri(t + �t) − ri(t)|2〉

6t
(12)
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Figure 8. Running G21(r) (methane-water KBIs) minus
methane-cosolvent (G23(r)) in water-sa (A), water-urea (B).
Curves C and D refer to water-urea-sa solutions. Subscript 1
refers to water, 2 refers to methane and 3 refers to urea or sa.
In curve C, 3 refers to sa and in curve D, 3 refers to urea.

Table 8. Diffusion Coefficients (in 10−5 cm2 s−1) of water
molecules in Iw, IIw−sa, IIIw−ua and IVw−ua−sa.

System Diffusion Coefficient (in 10−5 cm2 s−1)

Iw 2.29(±0.06)
IIw−sa 1.14(±0.05)
IIIw−ua 1.66(±0.03)
IVw−ua−sa 0.71(±0.02)

where ri(t) is the position of the ith water molecule at
time t .

We have studied the diffusional pattern of water
molecules in these mixtures. It is observed that urea
and sarcosine both tend to decrease the diffusion of
water molecules. The diffusion coefficients of water
molecules in the four mixtures are given in table 8.

The values of diffusion coefficients are 2.29, 1.14,
1.66 and 0.71 (in 10−5 cm2 s−1) in water, water-
sarcosine, water-urea and water-urea-sarcosine mix-
tures. The diffusion of water molecules is less in
the mixtures of these osmolytes suggesting that they
strengthen the water-water interaction. The lower val-
ues of D in water-sarcosine and water-urea-sarcosine
suggest strong association of sarcosine with water
molecules (figure S5, Supplementary Information).

3.7 Hydrogen-bonding properties of water-urea-sa
solutions

Hydrogen bonds in this study are characterized by the
H-acceptor distances that are less than 0.26 nm and the
acceptor-H-donor angles greater than 130o. We have
calculated the lifetimes of hydrogen bonds of water
molecule in the mixtures of osmolytes. The computa-
tion of lifetimes of hydrogen bonds follows the work
of Chandler et al.68 The fluctuation in hydrogen bond
population is characterized by the following correlation
functions c(t).

c(t) = 〈h(0)h(t)〉 / 〈h〉 (13)

Here, h(t) is the hydrogen bond population operator.
The value of the operator is 1 when two water molecules
are hydrogen bonded and zero otherwise. c(t) is the
probability that the hydrogen bond is intact between
two water molecules at time t, given that the both water
are hydrogen bonded at time zero. The rate of relaxation
to equilibrium is given by

r(t) = − dc/dt = − 〈
ḣ(0) [1 − h(t)]

〉
/ 〈h〉 (14)

Where, r(t) is the average rate of change of hydrogen-
bond population (time dependent), ḣ(0) = (dh/dt)t=0,
(because

〈
h(0)ḣ(t)

〉 = − 〈
ḣ(0)h(t)

〉
and

〈
ḣ(0)

〉 = 0).
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The functions, c(t) and r(t) will decay exponentially
only if the lifetime distribution is exponential. The non-
exponential relaxation of hydrogen bonding is because
of the coupling between hydrogen bond population and
diffusion. Two hydrogen bonded molecules can dif-
fuse far away if hydrogen bond between them breaks
and a broken hydrogen bond can reform if a molecule
reverses its direction and diffuses back to its hydrogen
bonded partner.

The probabilities c(t) and n(t) correspond to local
population that can interconvert. Hence, the overall
hydrogen bond kinetics is given by,

dc/dt = −kc(t) + k′n(t) (15)

Where k and k′ (unit is time−1) (time independent) are
respective rate constants for the breaking and making
of hydrogen bonds between a near-neighbor pair of
water molecules, and n(t) is, n(t) = ∫ t

0 dt ′kin(t
′) and

kin(t) = − 〈
ḣ(0) [1 − h(t)] H(t)

〉
/ 〈h〉 . The physical

meaning of 1/k is that of the average hydrogen-bond
lifetime. H (t) is unity if the oxygen-oxygen distance
of two water molecules is less than 3.5 Å. The com-
puted values of number of hydrogen bonds in the four
mixtures are given in table 9.

As we go from water to the mixtures of osmolytes,
the number of hydrogen bonds per water molecule
decreases but the lifetimes of hydrogen bonds as
well as bond dissociation energies of hydrogen bonds
increase (the lifetimes of hydrogen bonds are given in
table S5 and the bond dissociation energies of hydro-
gen bonds are given in table S6 of Supplementary Infor-
mation) due to the strong association of water with
osmolytes. There is a gradual decrease with tempera-
ture, as expected. The hydrogen bond time correlation
functions (c(t)) are given in figure S7 (Supplementary
Information). In the mixtures of osmolytes, slower
relaxations of c(t) have been observed in comparison to
water. These calculations suggest that hydrogen bond
strengths between water molecules are enhanced in the
presence of osmolytes.

Table 9. Number of hydrogen bond per water molecule in
the bulk in Iw, IIw−sa, IIIw−ua and IVw−ua−sa.

Hydrogen bond per water molecule in the bulk

Systems 278 K 298 K 318 K

Iw 3.7 3.6 3.5
IIw−sa 3.1 3.1 3.0
IIIw−ua 3.0 2.9 2.8
IVw−ua−sa 2.6 2.5 2.4

3.8 Discussion

The addition of sarcosine to water shows enhanced
hydrophobic association of methane in water-sarcosine.
Although the depths of CM and SSM change, their
locations are not altered. The two states are sepa-
rated by an energy barrier of 1.4 kJ mol−1 (figure 2).
The contact minimum is dominated by entropy and
favored by enthalpy, because, when methane molecules
approach towards contact minima, there is a removal
of water and sarcosine molecules from the coordination
shell of methane. When the CM is approached from
the transition state, the entropy contribution monoton-
ically increases, while the enthalpy contribution ini-
tially increases and finally reaches a local minimum at
the CM. The solvent separated minimum is favored by
enthalpy and disfavored by entropy. At SSM, enthalpy
and entropy contributions are very close to each other.

In water-sarcosine mixture, methane prefers methane
over water. The analysis of RDFs by KB integrals
suggests preferential solvation of methane by water.
Effects of addition of protecting osmolytes such as
TMAO on hydrophobic interactions of methane have
been reported earlier.37 It is worth mentioning that
TMAO, glycine-betaine and sarcosine belong to the
same class of osmolytes. Paul and co-workers37 have
suggested in their work on TMAO osmolyte that the
hydrophobic methane molecules are compatible with
the methyl groups of TMAO and can substitute methyl
groups in TMAO molecules. There are differences in
the effect of these two osmolytes on preferential solva-
tion of methane molecules. There is a negligible effect
of TMAO on the hydrophobic association of methane37

while sarcosine enhances the hydrophobic association
of methane i.e., salting-out of methane. Glycine-betaine
also enhances the association of methane i.e., salting-
out of methane.66 The preferential solvation of methane
by water over sarcosine is supported by the RCN val-
ues. The preferential binding constants for methane in
water-sarcosine further support this observation. The
analysis of RDFs by KB integrals also indicate the
preferential solvation by water (figure 8). The strong
association between water and sarcosine (figure S5) is
also responsible for the reduction of local densities of
sarcosine around methane.

The hydrophobic association between methane
molecules is expected to be more because of preferen-
tial methane-water interaction over methane-sarcosine.
The values of the equilibrium constants obtained indi-
cate enhanced association of methane molecules.

The two synergistic effects in water-sarcosine,
namely, an increase in hydrophobic association due to
preferential methane-water interaction in the presence
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of sarcosine and methane-methyl group compatibil-
ity causes ‘salting out’ of methane molecules in the
mixture.

The presence of sarcosine affects water structure.
The OW-OW RDFs in water and water-sarcosine mix-
tures (figure 6) show their first peak at 0.28 nm (for
hydrogen bonded first neighbors) and second peak at
0.45 nm (corresponding to the tetrahedrally located
second neighbors). Presence of sarcosine as well as
glycine-betaine enhance the height of first peak of OW-
OW RDFs. However sarcosine decreases the depth of
the first minimum while glycine-betaine increases the
depth.66 The location of peaks and heights in the RDFs
of water match with the earlier reported values.38 This
synergistic effect of sarcosine can be further explained
by analyzing hydrogen bond properties in the water-
sarcosine mixture. The addition of sarcosine reduces the
average number of hydrogen bonds per water molecule
(table 9) as the number density of water decreases
considerably but increases the lifetimes of hydrogen
bonds (table S5 of Supplementary Information). Sim-
ilar observations have been reported earlier for aque-
ous solutions of osmolytes, where enhancements in the
lifetimes of hydrogen bonds have been found.24,67,69

4. Conclusions

We have studied the hydrophobic association and solva-
tion of methane molecules in aqueous solutions of urea
and sarcosine by using MD simulations. We have com-
puted the potentials of mean force between methane
molecules in water, water-sa, water-urea and water-
urea-sa mixtures. From the analysis of PMFs, it is
observed that the association methane is enhanced on
the addition of these osmolytes. These observations
are well supported by calculation of equilibrium con-
stants. Association of methane is dominated by entropy
and favored by enthalpy in these mixtures. Solvation
of methane is stabilized by enthalpy and destabilized
by entropy. The calculated solvation free energies of
methane in these mixtures show that methane is less sol-
uble in the mixtures of urea and sarcosine than in water.
The solubility is the least in water-urea-sa mixture.

Analysis of RDFs suggests that addition of both the
osmolytes enhances local water structure. The strong
association of water with urea and sarcosine is well
supported by the values of diffusion constants obtained
for water. Besides RDFs, we have also calculated
RCNs, KBI and ECNs of solvent and co-solvent around
methane molecules to understand preferential solva-
tion of methane. Such studies provide an insight into
‘salting in’ and ‘salting out’ of solute molecules.

We find that both urea and sarcosine are selectively
reduced from methane surface in the mixtures of
osmolytes because of strong association between water-
sarcosine and water-urea. Therefore, methane is prefer-
entially solvated by water molecules in the mixtures of
osmolytes. The reduction of the local densities of both
urea and sarcosine around the methane suggest that both
urea and sarcosine increase the association of methane
molecules i.e., ‘salting out’ of methane. It is interest-
ing that the osmolytes in our studies namely, urea and
sarcosine belong to different classes which show oppo-
site effect on association (salting-out) and solvation
(salting-in) of larger molecules. It would be desirable
to study larger alkanes and biological entities such as
proteins in aqueous mixtures containing sarcosine and
urea. Studies of such systems will assist in understand-
ing the mechanism of important physical processes of
solubility and the role of osmolytes in stabilizing and
denaturing proteins.

Supplementary Information (SI)

The positions and free energies of CM, TS and SSM and
thermodynamic quantities, lifetimes of hydrogen bonds
and bond dissociation energies of hydrogen bonds of
water in the bulk in Iw, IIw−sa, IIIw−ua and IVw−ua−sa are
given in the tables S1 to S5. The error bars in the PMF
curves, radial distribution functions, excess coordina-
tion numbers and hydrogen bond time correlation func-
tions are shown in figures S1 to S5. All the Figures from
S1 to S5 and Tables from S1 to S5 are given in the sup-
plementary information. This material is available free
of charge via the Internet at www.ias.ac.in/chemsci.
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